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SUMMARY OF Ph.D. DISSERTATION
Uncertainties in electric power systems and electricity markets are increasing as a result of the installation 
of renewable energy systems (REs) and the application of demand response (DR) programs that promote 
demand side adjustments to balance power supply and demand. These increased uncertainties are of great 
concern to electric power system managers because they can cause imbalances that result in both power 
shortages and surpluses, resulting in severe impacts on electric power systems and players therein. 
This dissertation deals with using energy storage systems (ESSs) such as batteries as the primary method 
for resolving imbalances, and optimizes facility investments, including ESSs, under uncertainties. To carry out 
this study, a general theory in electric power systems called “slow/fast ESS theory (SFET)” is proposed to 
formulate and solve the optimization problems of facility investments considering uncertainties. In brief, the 
following two types of imbalances are distinguished using the probabilistic indices and their reduction terms: 
one caused by the absolute supply shortages or surpluses, and another caused by sudden changes in power 
supply or demand, even when the absolute supply is enough. Moreover, ESSs used to reduce the former and 
the latter imbalances are defined as “slow” and “fast” ESSs, respectively. Subsequently, it is verified that the 
SFET can be applied to solve various electric power systems and electricity markets problems by utilizing the 
characteristics of two types of ESSs. 
Chapter 1 provides an introduction and the motivations of this research. 
Chapter 2 formulates facility allocation problems in power systems and energy procurement problems in 
electricity markets to which the SFET can be applied. In addition, probabilistic indices are formulated for the 
imbalances, and details are provided on the SFET and its application. 
In Chapter 3, facility allocations in power systems are optimized based on two types of imbalance: one 
caused by absolute supply shortages and surpluses arising from transmission line failures, and one caused by 
fluctuations in RE outputs. Based on this modeling, the usefulness of SFET is verified, as it is shown that more 
slow ESSs are installed in areas prone to isolation by transmission failures. 
In Chapter 4, the SFET is used to formulate the DR-caused trade-off problem between resolution of absolute 
supply shortages and surpluses and increased uncertainties. In addition, the optimal participation rate of DR 
for minimizing the total facility investment cost, including ESS cost, is determined. Moreover, it is confirmed 
that the sizes of installed ESSs are minimized under the derived DR participation rate. 
In Chapter 5, the SFET is applied to the minimization of energy procurement problems in electricity markets. 
The SFET is used to formulate two roles of ESSs in markets: time arbitrage in day-ahead markets (DAMs), 
and the reduction of purchasing/buying in real-time markets (RTMs), Then, the optimal ESS sizes for each 
role and procurement are determined based on the determined installation of slow and fast ESSs in cases of 
high DA and RT prices, respectively. 
Chapter 6 provides a conclusion of this dissertation and describes future work.

















































































































